Lipoprotein lipase degrades triglycerides in plasma and as a byproduct produces HDL particles. Genetic variation in lipoprotein lipase may therefore affect cardiovascular risk.
Introduction
Lipoprotein lipase hydrolyses triglycerides contained in the core of either chylomicrons or VLDL, causing these particles to be transformed into chylomicron remnants and intermediate density lipoproteins (IDL) 1 and LDL, respectively; excess surface molecules are transferred to the HDL fraction (1, 2) .
More than 40 different structural mutations in the lipoprotein lipase gene have been described in either the homozygote or compound heterozygote state in patients with the chylomicronemia syndrome. As a result of such mutations, the enzyme is either not produced or becomes catalytically ineffective, and these patients typically exhibit severe hypertriglyceridemia, hepatosplenomegaly, episodes of abdominal pain, pancreatitis, and eruptive xanthomas, but in most cases not ischemic heart disease (1) . Recently it has been shown that ischemic heart disease may be seen in some patients with catalytic defects in the lipoprotein lipase protein (3) .
The majority of these mutations have been located to exons 4, 5, and 6 in the lipoprotein lipase gene and are considered to be rare. The Asn291Ser substitution in exon 6, however, has been described in several kindreds of European ancestry and seems to be common (4) (5) (6) . In the heterozygous state this substitution appears to reduce plasma HDL cholesterol levels, and to increase plasma triglycerides, although these findings have not been consistently significant (6) (7) (8) . The exact phenotype associated with this substitution therefore remains somewhat unclear and available information on carriers identified in the general population is scarce. Nevertheless, because reduced levels of HDL cholesterol and increased plasma triglycerides are both associated with an increased risk of ischemic heart disease (9, 10) , it is possible that the Asn291Ser substitution in lipoprotein lipase could predispose carriers to ischemic heart disease, although no data exist to directly support this hypothesis (11) .
The aims of this study were to examine the frequency of this substitution in the general population, to test if the substitution affects plasma triglyceride and HDL cholesterol levels in individuals in the general population, and to examine whether carriers of this substitution are at an increased risk of ischemic heart disease. To answer these questions, we examined a sample of 9,214 men and women from the Danish general population (the Copenhagen City Heart Study) and 948 patients with verified ischemic heart disease (also from the Danish population) for the presence of the Asn291Ser substitution in lipoprotein lipase. This furthermore gave us the opportunity to describe the phenotypic characteristics of six homozygous individuals identified in the general population sample.
Methods

Subjects.
A general population sample (the Copenhagen City Heart Study) including an almost equal number of men and women (55%) stratified into 10-yr age groups from 20 to 80 yr and above was drawn from the Copenhagen Central Population Register, the aim to obtain a representative sample of the general population. The Copenhagen City Heart Study is a prospective cardiovascular population study; a detailed description of the first (1976) (1977) (1978) and second (1981) (1982) (1983) examinations has previously been published (12) . We studied crosssectionally individuals who participated in the third examination of this study from 1991 through 1994. The original cohort from 1976-1978 supplemented with 500 20-24-yr olds at the second examination in 1981-1983 and 500 individuals in each of the age groups 20-24, 25-29, 30-34, 35-39, 40-44, and 45-49 yr at the third examination in 1991-1994 were all invited to participate in the third examination: of the 17,180 individuals invited, 10,049 participated, 9,259 gave blood, and of these 9,214 individuals were genotyped. Less than 1% were non-Caucasians and 98.8% had Danish citizenship, i.e., were of Danish descent. Plasma lipids and lipoproteins were measured in the nonfasting state. Plasma triglycerides were measured at the first and third examination, HDL cholesterol at the second and third, plasma cholesterol at all three examinations, and apolipoprotein AI, apolipoprotein B, and lipoprotein (a) only at the third examination.
A second population included 992 consecutive patients from the greater Copenhagen area referred for coronary angiography in the period 1991 through 1993. Among these, 948 (26% women) had ischemic heart disease with a characteristic symptomatology plus at least one of the following characteristics: severe stenosis on coronary angiography (i.e., Ն 70% stenosis of at least one coronary artery or Ն 50% stenosis of the left main coronary artery, n ϭ 767), a previous myocardial infarction or a positive exercise electrocardiography test. Less than 1% were non-Caucasians and Ͼ 98% had Danish citizenship, i.e., were of Danish descent. Plasma lipids and lipoproteins were all measured in the fasting state. Screening for the Asn291Ser substitution. DNA was isolated from blood as described (13) . The codon 291 substitution (AAT → AGT) (4) was initially diagnosed in all 10,162 (9,214 ϩ 948) individuals with an allele-specific PCR assay using the following primers: 1 mol/liter of the 5 Ј primer (5 Ј AGGTGCAGTTCCAAGGAAGCCTTT 3 Ј ), 0.1 mol/liter of the 3 Ј primer (5 Ј CTTTGTAGGGCATCTGAGAAC-GAG 3 Ј ) and 1 mol/liter of the mutation specific primer (5 Ј CT-TCTTTTGGCTCTGACTGTAC 3 Ј , extra mismatch underlined). This PCR yielded a 150-bp product for the A / A genotype and both a 150-and 106-bp product for the A / G and G / G genotypes. Positive controls were kindly provided by Dr. Anne Minnich (Clinical Research Institute, Montreal, Canada). To distinguish heterozygous from homozygous carriers an RsaI restriction enzyme-based mismatch PCR assay was used, as described previously (4, 14) . As an internal control of restriction enzyme digestion, part of exon 10 of the lipoprotein lipase gene was amplified in the same PCR. One potential methodological problem is misclassification. The risk of a faulty diagnosis of the Asn291Ser substitution was, however, minimized through the above described use of two different PCR-assays.
Other analyses. Colorimetric and turbidimetric assays were used to measure plasma levels of total cholesterol, HDL cholesterol, triglycerides, glucose, apolipoprotein B, apolipoprotein AI, fibrinogen (CHOD-PAP, precipitation of apolipoprotein B-containing lipoproteins followed by CHOD-PAP, GPO-PAP, hexokinase method, sheep anti-human apolipoprotein B, sheep anti-human apolipoprotein AI, and fibrinogen kinetic, respectively; all from Boehringer Mannheim, Mannheim, Germany) and lipoprotein (a) (rabbit antihuman lipoprotein (a); DAKO A/S, Glostrup, Denmark). Body mass index and blood pressure was determined as described previously (12) . Waist-hip ratio was the body circumference measured midway between the lower rib margin and the iliac crest, divided by the maximum circumference over the buttocks.
Analysis of results. Data on women and men were analyzed separately using the SPSS program (15). Means of continuous variables unadjusted as well as adjusted (by analysis of covariance) were compared using Student's t test. The homogeneity of the association of genotype with triglycerides, HDL cholesterol, and apolipoprotein AI levels between tertiles of continuous covariates (age, cholesterol, apolipoprotein B, lipoprotein (a), body mass index, waist-hip ratio, glucose, systolic blood pressure, and diastolic blood pressure), or between the presence or absence of categorical covariates (smoking, diabetes mellitus; in women, menopausal status, and in postmenopausal women, hormonal replacement therapy) was tested using interaction terms in an analysis of variance, including genotype and the covariate in question. There was no evidence for interaction in any of these analyses, most notably no interaction of body mass index and genotype on plasma triglycerides (7), examined in each of the 10-yr age groups of the general population cohort (age 20 to 80 ϩ ). Odds ratios were calculated; Yates' modified chi-square test was used as a test of independence.
Multivariate logistic regression analysis with forced entry was performed to investigate the role of either genotype, plasma triglycerides, HDL cholesterol, or apolipoprotein AI levels in predicting ischemic heart disease, after allowing for other cardiovascular risk factors (16, 17) . Because plasma cholesterol and apolipoprotein B were strongly positively associated, only plasma cholesterol was included in the models. To approach linearity in the logit for the remaining covariates, square-root, logarithmic, or inverse transformations were used for some but not all covariates. Because individuals Ͼ 70 yr of age rarely will be referred for coronary angiography in Denmark, only individuals Ͻ 70 yr were included in the logistic regression analysis. Results are given as odds ratios (e ␤ ) with 95% confidence intervals (e ␤Ϯ 1.96 ϫ SE ); the odds ratios given for continous variables relate to an increase of ϩ 1 SD. Overall model fit was tested using the likelihood ratio test.
Results
All results from the Copenhagen City Heart Study are from the third examination in 1991-1994, except that results on plasma triglycerides and HDL cholesterol from the first and second examination in 1976-1978 and 1981-1983 , respectively, are also shown (Table I) .
Prevalence of mutation. The allele frequency in the general population of the Asn291Ser substitution was 0.024 (95% CI: 0.021-0.027) and 0.026 (95% CI: 0.023-0.030) for women and men, respectively. Genotype and allele frequencies did not differ between 10-yr age groups from either 20 to 80 ϩ yr in the general population sample, or from 30 to 80 yr among patients with ischemic heart disease in women or men (data not shown). Genotype frequencies, both in the general population sample and among patients with ischemic heart disease, were not significantly different from values predicted by the HardyWeinberg equilibrium; six and one individuals were homozygous carriers in the two populations, respectively.
Phenotypic characteristics of homozygous carriers. Among female carriers found in the general population sample there was no evidence for differences in phenotypic characteristics between homozygous and heterozygous carriers ( Table I) . The two homozygous men had lower plasma apolipoprotein AI levels than heterozygous male carriers, however, there was no detectable difference in plasma triglycerides or HDL cholesterol levels.
Phenotypic characteristics of heterozygous carriers. In comparison with noncarriers, female and male heterozygous carri-ers of the Asn291Ser substitution had lower plasma HDL cholesterol and apolipoprotein AI levels, as well as higher plasma levels of triglycerides, although the latter effect only reached statistical significance in women (Table I) . These results were confirmed when triglycerides and HDL cholesterol values measured in 1976-1978 and 1981-1983 were examined, including the fact that plasma triglycerides were significantly increased in female carriers only. In women the largest effect of genotype on plasma triglycerides was seen in postmenopausal women, both on or without hormonal replacement therapy, while the effect in premenopausal women was nominally smaller (Table II) . This difference in magnitude of effects between pre-and postmenopausal women was similar with respect to the effect on HDL cholesterol and apolipoprotein AI levels.
To further describe the association of the Asn291Ser substitution with plasma triglycerides, HDL cholesterol, and apolipoprotein AI, these variables were adjusted by analysis of covariance for variation due to age, body mass index, diabetes mellitus, antihypertensive, and diuretic medication, alcohol consumption (beer, wine, and liquor), smoking habits, physical activity (at work and leisure) and, in women, for menopausal status and hormonal replacement therapy (Table III) . In women 16, 12, and 12% of the variation in triglycerides, HDL cholesterol, and apolipoprotein AI, respectively, was explained by the above mentioned covariates. In men, the equivalent values were 9, 13, and 11%, respectively. The effect of the Asn291Ser substitution on unadjusted or adjusted levels of HDL cholesterol, triglycerides, and apolipoprotein AI was similar (compare Tables I and III): for adjusted values, female carriers compared with noncarriers had elevated plasma triglycerides of † 0.23 mmol/liter (95% confidence interval: ϩ 0.10-ϩ 0.36 mmol/liter), decreased HDL cholesterol of Ϫ 0.18 mmol/liter (95% confidence interval: Ϫ 0.13-Ϫ 0.23 mmol/liter), and decreased apolipoprotein AI of Ϫ 8.2 mg/dl ( Ϫ 4.7-Ϫ 11.7 mg/ dliter). In male carriers compared with noncarriers the effect on these variables was ϩ 0.33 mmol/liter (95% CI: Ϫ 0.11-ϩ 0.77 mmol/liter), Ϫ 0.11 mmol/liter (95% CI: Ϫ 0.06-Ϫ 0.16 mmol/liter) and Ϫ 5.9 mg/dl ( Ϫ 2.8-Ϫ 8.9 mg/dl), respectively. Plasma fibrinogen, body mass index, waist-hip ratio, plasma glucose, and systolic and diastolic blood pressure did not differ between carriers and noncarriers (data not shown). The fre- Values from the first examination of the Copenhagen City Heart Study (1976) (1977) (1978) ; numbers of women and men were 3,464 and 2,572 for Asn/Asn, 169 and 145 for Ser/Asn, and 1 and 1 for Ser/Ser, respectively. The difference in HDL cholesterol levels between the second and third examination and in triglyceride levels between the first and third examination most likely represent differences in calibrators used at these different timepoints, or to some extent also changes in these levels in the Danish population over this time period; importantly, however, the comparison between carriers and noncarriers are unaffected by these differences and are still valid at both timepoints. NS, non significant. ( P Ͼ 0.05).
quencies of treatment for hypertension and for ischemic heart disease, as well as smoking habits, also did not differ between carriers and noncarriers (data not shown).
HDL cholesterol, triglycerides, and risk of ischemic heart disease. HDL cholesterol was decreased and plasma triglycerides increased in both women and men with ischemic heart disease, while apolipoprotein AI was not significantly different between patients with ischemic heart disease and individuals in the general population sample (Table IV) . These results were similar when the patients with known severe stenosis on coronary angiography only were compared with the general population sample (data not shown). Because values were measured in the fasting state for patients with ischemic heart disease, but in the nonfasting state for individuals in the general population sample, this would tend to underestimate the differences in plasma triglycerides mentioned above.
Among both women and men with ischemic heart disease most individuals were in the age range of 40-70 yr (Table IV) . The age distribution in the general population sample was somewhat similar, except that this sample also included a num- ber of individuals Ͻ 40 yr and Ͼ 70 yr of age. For multiple logistic regression analysis only individuals Ͻ 70 yr of age were therefore included: when age, plasma cholesterol, lipoprotein (a), body mass index, diabetes mellitus, smoking, and hypertension were allowed for, the HDL cholesterol and plasma triglycerides were independent predictors of ischemic heart disease in both women and men (Table V) .
The Asn291Ser substitution and risk of ischemic heart disease. As described above, this substitution is associated with a decrease in HDL levels in both genders and an increase in plasma triglycerides, significant only in women (Table I) .
Plasma HDL cholesterol and triglycerides were predictors of ischemic heart disease on univariate (Table IV) as well as on multivariate analysis (Table V) . Furthermore, female carriers of the Asn291Ser substitution (homozygous or heterozygous) were found more commonly among patients with ischemic heart disease than among individuals in the general population sample (odds ratio 1.89; Table VI). When the comparison was restricted to patients known to have severe stenosis on coronary angiography the difference was even more pronounced (odds ratio 2.27). This increase in frequency of the substitution among patients was mainly seen in women Ͼ 60 yr: odds ratio for ischemic heart disease was 3.02 (95% CI of 1.68-5.44, P Ͻ 0.0003) and for severe stenosis on coronary angiography 2.98 (95% CI of 1.50-5.92, P Ͻ 0.003). In men, however, there was no evidence that the Asn291Ser substitution was more common among patients with ischemic heart disease or severe stenosis on coronary angiography than among individuals in the general population sample. When HDL cholesterol, triglycerides, and apolipoprotein AI were excluded from the logistic regression analysis and when individuals Ͻ 70 yr old only were examined, the Asn291Ser substitution alone was an independent predictor of ischemic heart disease in women but not in men (Table V) .
Discussion
In the majority of individuals ischemic heart disease has a multifactorial etiology: a combination of multiple susceptibility genes, each with a minor effect, but together with a cumulative effect on disease progression, will in certain environmental contexts lead to the development of disease (18) . The present data suggest that the common mutation causing the Asn291Ser substitution in lipoprotein lipase (allele frequency ‫ف‬ 0.025 in the general population) leads to small increases in plasma triglycerides mainly in women, and reductions in HDL levels in both genders. Because of this and because these two cardiovascular risk factors have been found to be independent predictors of ischemic heart disease, in the present and former studies (9, 10) , the present data support the notion that the Asn291Ser substitution in lipoprotein lipase may represent a susceptibility mutation for ischemic heart disease, at least in the Danish population and in women in particular.
Unexpectedly we found that the effect of the Asn291Ser substitution on plasma triglycerides, HDL cholesterol, and apolipoprotein AI levels was more pronounced in women than in men, which could explain the observed association found between this substitution and risk of ischemic heart disease in women, but not in men. The present data suggest that the postmenopausal state exacerbates the effect of the Asn291Ser substitution on especially triglycerides but also on HDL cholesterol levels. Effects such as this may help explain that women after menopause approach risk rates for ischemic heart disease similar to men. The finding also emphasizes that effects of susceptibility mutations are context dependent. One alternative explanation for the gender difference in risk of ischemic heart disease could be that male, but not female carriers of the Asn291Ser substitution represent a subset of low HDL individuals who do not have an increased risk of ischemic heart disease due to the low HDL level. A third possible explanation for the gender difference could be that the triglyceride raising effect of this substitution rather than the HDL lowering effect is important in promoting atherosclerosis and ischemic heart disease (HDL was reduced in both genders, but triglycerides was mainly raised in women). Age differences between male and female patients with ischemic heart disease do not appear to explain the difference in risk of ischemic heart disease because the age distribution of male and female patients was similar, and because even on multiple logistic regression analysis, performed only for individuals less than 70 yr of age and with age differences allowed for, the Asn291Ser substitution was an independent predictor of ischemic heart disease in women but not in men. Nevertheless, the exact explanation for the observed gender difference remains unclear.
At least three different mechanisms, or combinations thereof, could account for a defective lipoprotein lipase function leading to ischemic heart disease. (a) Slower conversion of chylomicrons and VLDL particles due to reduced triglyceride hydrolysis could lead to a longer half-life of the intermediate sized lipoproteins in plasma (chylomicron remnants, small VLDL and IDL), as also suggested by the observed slightly elevated plasma triglyceride levels in carriers; such particles appear to be trapped in the vessel wall, and may therefore promote atherogenesis (19). (b) A decreased triglyceride catabolism could decrease transfer of excess surface material from chylomicrons and VLDL particles to HDL particles, whereby fewer of such particles would be available for reverse cholesterol transport, i.e., the removal of cholesterol from peripheral cells and from the arterial wall, eventually followed by uptake in the liver (20). Because the clearest gender difference in the present study was the lack of a triglyceride raising effect among male carriers (Table I) while HDL cholesterol was reduced in both genders, and because only women had an increased risk of ischemic heart disease the present data suggest that elevated levels of triglyceride-rich lipoproteins may be more important for the development of atherosclerosis than a low HDL level. (c) Elevated plasma triglycerides have been shown to be associated with a subclass of small, dense LDL particles that by themselves may promote atherogenesis (10) . At present, however, it is unclear which of these three mechanisms may be the most important in promoting atherogenesis. Nevertheless, they all support the point that mutations in the lipoprotein lipase gene, which lead to moderate elevations in plasma triglycerides and reductions in HDL levels, most likely also increase susceptibility of the carriers to ischemic heart disease.
The Asn291Ser substitution in the heterozygous state was first described in a patient with pregnancy-induced chylomicronemia and low plasma HDL cholesterol (4). Since then, this substitution has been described in groups of patients with type III hyperlipoproteinemia (14) , in patients with familial combined hyperlipidemia (21, 22) , and in hypertriglyceridemic patients (5). Plasma HDL cholesterol levels have been found to be decreased and triglyceride levels to be increased in probands identified among patients with familial combined hyperlipidemia (21, 22) . Furthermore, a decrease in plasma HDL cholesterol levels and a nonsignificant trend towards elevated plasma triglyceride levels was observed in probands identified among patients with coronary artery disease, or controls (6), whereas in another study no effect on plasma HDL cholesterol but still a nonsignificant increase in triglycerides was observed in probands identified among either patients with myocardial infarction or controls (8) . This apparent discrepancy, when compared with the present results, could be explained by the fact that the two former studies (6, 8) examined men only, the gender where we observed the smallest effects. In support of this view, another large previous study found a small increase in plasma triglycerides in probands among healthy men, but a much larger increase in plasma triglycerides when a group of healthy men and women were jointly examined (7) .
In accordance with a previous report on one individual (23), homozygous carriers of the Asn291Ser substitution, in contrast to homozygosity for a number of other known mutations in this enzyme (1) did not present with severe chylomicronemia. This observation is possibly explained by the fact that the previously described mutations cause the enzyme either not to be produced or to be catalytically ineffective, whereas for the Asn291Ser substitution an enzyme with reduced efficiency only is produced (4, 6, 14, 24, 25) . It is also conceivable, however, that environmental or other genetic factors are important in precipitating and unmasking chylomicronemia in individuals homozygous for mutations in the lipoprotein lipase gene, and that such environmental or genetic factors are not present in the homozygous individuals studied in the present investigation. Because the effect on lipid levels is moderate for carriers of the Asn291Ser substitution, a larger number of homozygous individuals needs to be studied before it can be determined if homozygous carriers have a more severe phenotype than heterozygous carriers.
If the presence of the Asn291Ser substitution influenced referrals for coronary angiography this could be one possible source of selection bias in the present study. It might be that some of those at risk for ischemic heart disease due to the Asn291Ser substitution already had suffered critical events and therefore were unable to participate. If this was the case, however, the present results would represent an underestimation of the true effect of the Asn291Ser substitution on the increased susceptibility to ischemic heart disease in carriers. Therefore, this potentially could be the explanation for the nonsignificant finding in men, especially if men with high risk of ischemic heart disease did not participate in the study. However, the even distribution of genotypes and alleles in men among all age groups in both patients and the general population sample did not indicate a dropout of carriers as a serious problem.
Measurement of plasma lipids and lipoproteins in the nonfasting state in individuals from the general population sample, but in the fasting state in patients with ischemic heart disease, has no direct implication for the results concerning the effect of the Asn291Ser substitution on lipids and lipoproteins presented in this study, because these results only relate to individuals in the general population sample. With respect to plasma triglycerides it is possible, however, that the present results may differ from results obtained in the fasting state. Nevertheless, individuals heterozygous for the Asn291Ser substitution also have raised fasting plasma triglycerides (7) . Because nonfasting plasma triglyceride levels are higher than fasting levels, the present study probably underestimated the role of triglycerides in predicting ischemic heart disease (Tables V  and VI) .
Linkage disequilibrium with another susceptibility mutation nearby is a possible, though unlikely confounder because in vitro expression studies have shown that this substitution alone causes a decrease in lipoprotein lipase activity of 30-50% (4, 6, 14, 24, 25) . Furthermore, carriers of the Asn291Ser substitution in the heterozygous state show a decrease in postheparin plasma lipoprotein lipase activity of ‫ف‬ 30% (6, 25).
Taken together, this study demonstrates that the Asn291Ser substitution in lipoprotein lipase is associated with increased plasma triglycerides in women and decreased plasma HDL levels in both genders. This in turn seems to lead to increased susceptibility to ischemic heart disease in carriers, an effect which is more pronounced in women than in men.
